The balance between pro-and anti-infl ammatory cytokine production is a crucial aspect of infections caused by Candida albicans . We therefore investigated the effect of yeast concentration on the pro-and anti-infl ammatory cytokine response. Production of tumor necrosis factor-alpha (TNF-α ) by the murine macrophage cell line J774 decreased significantly as the live yeast concentration increased. In parallel, a dose-dependent production of interleukin-10 (IL-10) was observed with live C. albicans . Paraformaldehyde-treated yeasts were unable to stimulate or modulate this response. Yeast culture supernatants induced high levels of TNF-α production when added to the macrophage cells, but did not down-modulate the macrophage response. In contrast, supernatants from yeastmacrophage co-cultures stimulated less TNF-α production and induced a down-modulation of the macrophage response, showing that modulation depended on macrophage-or yeast-derived components secreted when the yeast concentration was high. Phospholipomannan (PLM), but not farnesol, stimulated TNF-α production, but neither PLM nor farnesol down-modulated cytokine production in response to yeasts. Yeast culture supernatants or supernatants from yeast-macrophage co-cultures did not induce IL-10 production. These results suggest that the fi nal macrophage cytokine response is determined by the interplay between live yeasts and macrophages, and that the direction of the response is dependent on the yeast concentration.
Introduction
Candida albicans is the most common fungal pathogen of humans and may also be found as a saprophyte of the oral cavity, vagina, and digestive tract. It is now known that the protective response to fungal exposure is initiated by host recognition of specifi c pathogen-associated molecular patterns, leading to a pro-infl ammatory response [1] . This recognition is based on the expression of components in the yeast cell wall which is a complex and dynamic structure composed of chitin, glucans, mannoproteins, mannan, and glycolipids [2] . Several lectins have been shown to act either independently or in co-operation with Toll-like receptors (TLRs) or other signaling receptors, to recognize surface sugars of yeasts for induction of the cell response [3] . It is now clear that signaling results in a pro-infl ammatory response towards C. albicans yeast cells, and that this response is necessary to acquire resistance to infection. However, this response does not seem to be specifi c to pathogenic microorganisms since both C. albicans and the non-pathogenic yeast Saccharomyces cerevisiae can induce TLR-dependent pro-infl ammatory cytokine production [4, 5] .
Human candidiasis is associated with increased serum concentrations of interleukin-10 (IL-10) [6] , and several reports suggest that IL-10 may facilitate systemic candidiasis. Thus, C57BL/6 mice, which produce lower serum concentrations of IL-4 and IL-10 than Balb/c mice, have been shown to be more resistant to systemic candidiasis. Depletion of IL-10, but not IL-4, in these mice led to C. albicans proliferation in the host [7] . C. albicans does not cause signifi cant infection in IL-10-defi cient mice [8] .
Instead, improved yeast clearance, reduced fungal load, and fungal-associated infl ammatory responses are observed in IL-10 knock-out (KO) mice, leading to early resistance to systemic candidiasis [9] . The absence of IL-10 allows up-regulation of type 1 cytokine responses in particular, associated with higher production of IL-12 and tumor necrosis factor-α (TNF-α ) [8] . Macrophages can secrete large quantities of IL-10, participate in suppression of the differentiation of Th1-and IL-17-producing T-helper cells, and promote differentiation of Treg cells [10] . Thus, C. albicans may be able to induce an anti-infl ammatory response favoring progression of infection.
Most systemic C. albicans infections are endogenous in origin and are closely related to the fungal concentration in the gastrointestinal tract. An increase in C. albicans colonization is an independent risk factor for Candida dissemination, and persistent colonization is the most important risk factor for candidemia [11] . Furthermore, the intensity of Candida colonization, assessed by systematic screening of several body sites, helps to predict subsequent infection in critically ill patients [12] .
This study evaluated pro-and anti-infl ammatory cytokine secretion by macrophages in relation to yeast concentration and viability. The early macrophage response appeared to depend on the yeast concentration, with lower TNF-α production and higher IL-10 secretion as the C. albicans yeast concentration increased. This effect was specifi c to live C. albicans and involved components secreted during the interaction between yeasts and macrophages.
Materials and methods

Yeast strains and growth conditions
C. albicans strain SC5314 (serotype A) was used throughout this study, with S. cerevisiae strain S288C as the control. Yeast cells were maintained at 4 ° C on YPD (1% yeast extract, 2% peptone, 2% dextrose) agar, but before each experiment, yeast cells were transferred onto fresh YPD and cultured overnight at 37 ° C. In some experiments, paraformaldehyde (PFA)-treated yeasts were used for stimulation. For this, live yeasts were fi xed with 0.4% PFA in phosphatebuffered saline (PBS) for 30 min and then washed in PBS before use.
Macrophage cell line
The mouse macrophage cell line, J774 (ECCC 85011428), was derived from a tumor in a female BALB/c mouse. Adherent cells were cultured at 37 ° C in 5% CO 2 in Dulbecco ' s minimal essential medium (DMEM) supplemented with 10% heat-inactivated fetal calf serum (FCS) (Valbiotech, Paris, France), 5 mM L-glutamine, 100 μ g/ml streptomycin, and 50 μ g/ml penicillin. Before use, the cells were gently scraped off with a rubber policeman and inoculated into 24-well tissue culture dishes.
Production of yeast or yeast-macrophage culture supernatants
Yeast or yeast-macrophage culture supernatants were obtained by incubating C. albicans in the presence or absence of 10 6 J774 cells at a yeast:macrophage ratio of 1:1 and 10:1 in 500 μ l DMEM supplemented with 10% heat-inactivated FCS, 5 mM L-glutamine, 100 μ g/ml streptomycin, and 50 μ g/ml penicillin for 4 h at 37ºC. After centrifugation to remove yeast cells and macrophages, the supernatants were stored at −20 ° C.
Candida-derived phospholipomannan and farnesol
C. albicans phospholipomannan (PLM) was prepared as des cribed previously [13] . Commercially available farnesol (Sigma, St Louis, MO) was also used in some experiments.
Assessment of cytokine production by macrophages
J774 cells (10 6 cells/well) were incubated with C. albicans yeast cells for 4 h at 37 ° C at a yeast:macrophage ratio of 1:1, 5:1, or 10:1. For yeast-derived products, different concentrations of farnesol, PLM, or C. albicans culture supernatants (100 μ l of supernatant in 500 μ l of culture medium/ well) were added to the macrophages or yeast ϩ macrophage co-cultures. After incubation, cell-free supernatants were collected and stored at −20 ° C for cytokine assay. Cytokine concentrations were measured using a commercial ELISA kit according to the manufacturer ' s instructions (R&D Systems, Mineapolis, MN).
Macrophage viability
Macrophage viability after incubation with C. albicans yeast cells was determined using the Celltiter blue reagent (Promega, Charbonni è res-les-Bains, France). Macrophages alone or co-cultured with C. albicans at different yeast:macrophage ratios were incubated for 3 h at 37 ° C. Celltiter blue reagent was then added and incubation was continued for a further 1 h before measurement of the optical density at 550/620 nm. Incubation with Celltiter blue reagent for 1 h gave optimal discrimination between yeast and macrophage metabolism as determined in preliminary experiments consisting of macrophages alone or yeasts alone (at concentrations equivalent to the yeast:macrophage ratios used) incubated with Celltiter blue reagent. At this Signifi cant TNF-α production was also observed with the control strain of S. cerevisiae (Fig. 1B) , but this latter res ponse was less dependent on the yeast concentration ( P ϭ 0.056). A high level of IL-10 production was detected after incubation of macrophages with C. albicans yeast cells (Fig. 1C) . In contrast to TNF-α induction (Fig. 1A) , IL-10 secretion was directly related to the concentration of yeasts used for co-culture ( P ϭ 0.003). No significant IL-10 production was observed with S. cerevisiae ( P Ͼ 0.5) (Fig. 1D) .
The mean concentrations of TNF-α and IL-10 produced in accord with the yeast:macrophage ratios are shown in Table 1 . These data were used to calculate the TNF-α /IL-10 and IL-10/TNF-α ratios observed in each condition. These ratios showed that increasing the yeast concentration 10 times resulted in a 10,000-fold reduction in the pro-infl ammatory signal delivered by macrophages and a 2000-fold increase in the anti-infl ammatory signal. time point, yeast metabolism was limited and was significantly lower than macrophage staining.
Statistical analysis
All experiments were repeated at least three times. Dosedependent evaluations were compared by ANOVA or the Student ' s t test for simple comparisons. P Ͻ 0.05 was considered to indicate statistical signifi cance.
Results
Effect of yeast concentration on TNF-α and IL-10 production by J774 cells
When J774 cells were incubated with different concentrations of C. albicans yeast cells for 4 h, the macrophages secreted TNF-α (Fig. 1A ). This response decreased signifi cantly as the yeast concentration increased ( P ϭ 0.01). 
Decreased TNF-α production by macrophages incubated with C. albicans is not related to induction of macrophage death
The kinetics of metabolic activity of macrophages differed signifi cantly from those measured with C. albicans yeasts alone ( Fig. 2A) . As noted previously, to assess viability at the time of cytokine measurement (4 h), staining with Celltiter blue reagent for 1 h was performed after 3 h of growth. Measurement of cytokine activity in co-cul tures of macrophages and yeasts revealed increased activity in the presence of yeasts compared to macrophages incubated alone (Fig. 2B ). This was not dependent on yeast metabolism since at this time only limited staining was observed with yeasts cultured alone. This shows that decreased TNF-α production by macrophages incubated with C. albicans was not related to induction of macrophage death. Metabolic activity increased signifi cantly as the yeast concentration increased, except at the highest yeast:macrophage ratio. Furthermore, macrophage death as an explanation for decreased TNF-α production was not compatible with the concomitant increase in IL-10.
Effect of yeast viability on cytokine production by macrophages
Stimulation of TNF-α production by macrophages incubated with PFA-treated yeasts was dramatically reduced compared to that observed with live C. albicans cells ( Fig. 3) . However, when high concentrations of PFA-treated yeasts were used for stimulation, a slight decrease in TNF-α production was observed, although this did not reach statistical signifi cance. Inactivation of C. albicans with PFA before addition to the macrophages led to complete abolishment of IL-10 production (data not shown).
Modulation of cytokine production by yeast or yeast-macrophage culture supernatants
The scheme for this experiment is shown in Fig. 4A . Compared to macrophages cultured with live yeast cells (Fig. 4B , Table 1 Balance between TNF-α and IL-10 production by macrophages incubated with Candida albicans expressed as a pro-(TNF-α /IL-10) or anti-(IL-10/TNF-α ) infl ammatory cytokine ratio in relation to yeast: macrophage ratio . left panel), addition of supernatants from yeasts cultured alone (S1 and S2) to yeast:macrophage co-cultures (1:1 ratio) led to higher levels of TNF-α production by J774 cells. The level of TNF-α production was directly related to the concentration of yeasts used to produce the supernatants (Fig. 4B, right panel, open bars) . When the activity of supernatants obtained after co-culture of macrophages with yeasts at a yeast:macrophage ratio of 1:1 and 10:1 (S3 and S4, respectively) was assessed on fresh macrophages (Fig. 4B , right panel, fi lled bars), both supernatants stimulated signifi cant production of TNF-α . However, when supernatant from yeast:macrophage (10:1) co-cultures (S4) was added to macrophages in the presence of yeasts, TNF-α production decreased (Fig. 4B , right panel, fi lled bars). No IL-10 secretion was detectable after stimulation with these supernatants (data not shown). These results suggest that yeast-free supernatants contain fungal components that stimulate TNF-α production, but not components inducing dose-dependent down-regulation. In contrast, supernatants from yeast-macrophage co-cultures contain a stimulus for TNF-α production. However, supernatants from co-cultures with high concentrations of yeasts contain additional products that interfere with macrophage stimulation. This suggests that either live yeasts or macrophages secrete components during yeastmacrophage interaction that are responsible for down-regulation of TNF-α secretion. However, although IL-10 induction by high yeast concentrations was concomitant with decreased TNF-α production (Fig. 4 , left panel and Fig. 1 ), no signifi cant IL-10 production by macrophages stimulated with such supernatants was observed.
Effect of farnesol on cytokine production by macrophages
Farnesol itself, even at high concentrations, did not induce signifi cant TNF-α or IL-10 production (Fig. 5A, B , open bars). Addition of farnesol to yeast-macrophage co-cultures at a yeast:macrophage ratio of 1:1 did not decrease yeastinduced TNF-α production, irrespective of the concentration of farnesol used (Fig. 5A, fi lled bars) . Similarly, addition of farnesol to these co-cultures did not result in signifi cant enhancement of IL-10 production compared to co-cultures in the absence of farnesol (Fig. 5B, fi lled bars) . Thus, farnesol does not appear to be involved in the induction of TNF-α secretion or in the down-regulation of TNF-α production by macrophages observed with yeasts or supernatants at high fungal concentrations.
Modulation of cytokine production by phospholipomannan
As described previously [14] , PLM induced a dosedependent production of TNF-α when added directly to macro phages. The maximum effect was observed when macrophages were incubated with 25 μ g/ml PLM (Fig. 6A) . To examine whether addition of PLM to co-cultures could mimic the effect of high yeast load on the macrophage response, PLM was added together with different concentrations of yeasts to the macrophages. As shown in Fig. 6B , production of TNF-α increased when PLM was added to the macrophages in the presence of yeasts (at a yeast:macrophage ratio of 5:1). Thus, as with yeast-free supernatants, addition of purifi ed PLM led to the increased production of TNF-α by macrophages in the presence of yeasts, without any down-modulation of stimulation. In these conditions, no induction of IL-10 production was observed (data not shown).
Discussion
The early interaction between C. albicans yeast cells and macrophages has been investigated in studies of the ability of this yeast to generate signaling cascades leading to various effector functions that make up the initial immune response. Most prior studies have been based on measurement of the pro-infl ammatory response by targeted cells [1, 2, 15] . However, several investigations have indicated that a balance between pro-and anti-infl ammatory responses during the initial interaction between yeasts and immune cells is necessary for the yeast to establish infection [1] . This was highlighted using IL-10 KO mice where infected mice were found to be more resistant to infection than wild-type mice [8, 16] . Conversely, in the gastrointestinal model of infection, exogenous IL-4 and IL-10 were found to exacerbate the course of infection [17] , and an overall suppressive role of IL-10 on human monocyte function against C. albicans was also demonstrated [18] . These observations revealed a fundamental role for IL-10 in the initial development of Candida infection, and suggested that this yeast has a role in stimulating the production of this cytokine. The current study examined the effect of C. albicans con centration on the pro-infl ammatory response of macrophages during the initial interaction with these immune cells. Fungal load and persistent colonization have been shown to be important risk factors for candidemia [11] . However, few studies have investigated the early interaction between macrophages and yeasts. Most studies have reported the effect of fi xed or dead yeasts after long-term culture. In this investigation, we used live or dead C. albicans , the non-pathogenic genetically-related yeast S. cerevisiae , yeast supernatants, and yeast-derived components. The macrophage response was found to differ depending on the live yeast concentration; thus, the higher the concentration of yeasts interacting with the macrophages the lower the pro-infl ammatory response induced. It therefore appears that when a small number of yeasts interact with macrophages, the response is preferentially oriented towards a pro-infl ammatory response. This situation is reversed when a large number of yeasts interact with macrophages, leading to a decreased pro-infl ammatory response.
TNF-α /IL-10 and IL-10/TNF-α ratios have been proposed as a means to evaluate trends in pro-or anti-infl ammatory responses resulting from the interaction between microorganisms and host cells [19] . Calculation of these ratios in our study showed that a 10-fold increase in yeast concentration resulted in a 10,000-fold reduction in proinfl ammatory signal delivered by macrophages and a 2000-fold increase in the anti-infl ammatory signal ( Table 1) . The balance between these two responses is therefore likely to have a dramatic effect on the surrounding immune cells that receive a signal from macrophages depending on the number of live yeasts with which there are in contact. These results agree with our current knowledge of the pathophysiology of C. albicans infection, since increased gut colonization is generally observed before proceeding to infection [12] .
To determine the mechanism of cytokine modulation by C. albicans according to fungal concentration, different hypo theses were explored. First, C. albicans readily produces hyphae, and the contribution of hyphal production to the higher virulence of C. albicans compared to other Candida species has been investigated. Clearly, switching from the yeast form to the hyphal form is a critical factor enabling C. albicans to escape from macrophages after phagocytosis [20] and triggering different cytokine responses in the host, balancing infl ammation and tolerance [21] . However, in the current study hyphal transformation is unlikely to have had much infl uence. First, we studied the early stages of cytokine induction, a process which starts at the initial contact between macrophages and yeasts and results in TNF-α secretion. During preliminary experiments, microscopic examination of cultures revealed only limited hyphal transformation at the end of the incubation period chosen. Thus, hyphae cannot be considered as the primary triggers for cytokine production. As early as 1 h after contact between yeasts and macrophages, differential cytokine production (although at lower levels) was observed that depended on the yeast concentration (data not shown). These arguments are reinforced by experiments conducted with the agerminative C. albicans mutant EFG1-/- [22] , in which yeast concentration had an identical effect on the regulation of cytokine production by macrophages (unpublished data). Second, at the critical yeast concentrations ( Ͼ 5 ϫ 10 6 /ml) where down-regulation of TNF-α and up-regulation of IL-10 were observed, it has been well established that the C. albicans fi lamentation rate is concentration dependent [23, 24] . This observation was confi rmed under our experimental conditions where, at a 10:1 ratio (corresponding to a yeast concentration of 2.5 ϫ 10 7 yeasts/ml), C. albicans was unable to produce germ tubes.
A possible role of macrophage death was also investigated since a previous study showed that induction of apoptosis depended on modulation of signaling induced by PLM during phagocytosis [25] . We found no signifi cant change in macrophage metabolism at the time of TNF-α production, thus down-regulation of TNF-α secretion could not be related to the direct effect of C. albicans on macrophage death.
We also investigated whether treatment of C. albicans yeasts with PFA affected the ability of the yeast cells to stimulate macrophages. PFA treatment results in only minor alterations of yeast integrity, as determined by cytometric analysis of glycan expression at the yeast surface (data not shown and refs [26, 27] ). Only limited stimulation of macrophages by PFA-treated yeasts was observed, indicating that interaction between the integral yeast cell wall and macrophages was not suffi cient for stimulation. This differs from previous studies which reported that TNF-α could be induced by PFA-fi xed yeasts [28] . However, in these earlier investigations, cytokine production was measured after 24 h incubation, allowing suffi cient time for TNF-α to accumulate, even if cytokine secretion was limited in the early stages of the interaction. Thus, it appears that yeast viability is necessary for the macrophage response in the early stages of interaction.
Several studies have indicated that C. albicans components shed from the yeasts are able to modulate macrophage activity [29 -31] . This was confi rmed in the current investigation in that supernatants from yeasts cultured alone were able to stimulate dose-dependent production of pro-infl ammatory cytokines by macrophages, either directly or when co-cultured with yeasts. Yeast-free supernatants may contain several secreted products including farnesol. Farnesol is a quorum-sensing molecule that is actively released by C. albicans yeasts during growth, accumulates in stationary-phase yeasts, and inhibits hyphal formation [32] . Farnesol has been shown to interfere with signaling involving TLR2 [33] and with anti-Candida activity through induction of oxidative stress [34] . These observations suggest a possible role of this quorum-sensing molecule in modulation of the macrophage response. In the current study, farnesol did not stimulate TNF-α production when added directly to the macrophages. Therefore, although farnesol may modulate TLR2 expression, it does not modulate the downstream cell response leading to early TNF-α production. Moreover, addition of farnesol to yeast-macrophage co-cultures at low ratios in order to evaluate its possible additional role in modulating the macrophage response, did not lead to a signifi cant difference in the macrophage response to yeasts, regardless of the concentration used. Thus, farnesol does not appear to be involved in the process leading to modulation of the pro-infl ammatory response observed with live yeasts.
As described previously [14, 35] , purifi ed PLM stimulated TNF-α production when added directly to macrophages, with similar kinetics to yeasts alone. Addition of PLM to macrophages co-cultured with yeasts did not alter TNF-α production in this study. Thus, although PLM was shed from the yeast cells and interacted with macrophages, it only stimulated the pro-infl ammatory cell response early in this interaction. These results, which confi rm previous studies, demonstrate that dysregulation of cell signaling observed after incubation of macrophages with PLM [25] was not involved in the alteration of TNF-α production observed in the present study.
Supernatants from yeast-macrophage co-cultures, but not from yeasts cultured alone, were able to down-regulate the pro-infl ammatory response. This suggests a role for macrophages in modulation of TNF-α production during the interaction between macrophages and high yeast concentrations. The macrophage response in the presence of high yeast concentrations was investigated to measure induction of the anti-infl ammatory cytokine, IL-10, one of the most important cytokines able to regulate the TNF-α secretory response. As fungal concentration increased and TNF-α production decreased, dose-dependent secretion of IL-10 was observed when macrophages were cultured with C. albicans . This stimulation was dependent on live yeasts since PFAtreated yeasts were unable to signifi cantly stimulate or downregulate cytokine production.
No signifi cant induction of IL-10 or down-regulation of TNF-α production was observed when yeast supernatants were added to macrophages. Similarly, PLM and farnesol were unable to down-modulate TNF-α production and induce IL-10 secretion. In contrast, supernatants from yeastmacrophage co-cultures decreased the TNF-α response to yeasts when added to fresh macrophages, showing that the inhibitory activity was dependent on the interaction of live yeasts with macrophages. However, no signifi cant induction of IL-10 was observed with these yeast products. Therefore, although it appeared that decreasing TNF-α production was associated with increasing IL-10 secretion, a direct link between the two was diffi cult to establish.
Together, these results suggest a role for a macrophageor yeast-dependent product processed by macrophages in the mechanism involved in modulation of TNF-α secretion, allowing macrophages to produce anti-infl ammatory cytokines. Interestingly, the presence of an as yet uncharacterized component balancing the pro-and anti-infl ammatory cytokine response has been reported in supernatants from macrophages interacting with C. albicans biofi lms [36] . Although biofi lm formation was not observed in our study, the fact that a high fungal concentration was necessary for down-regulation of the pro-infl ammatory response suggests similarity between the two mechanisms. Experiments are in progress to characterize these soluble factors and to determine their regulatory activity on cell signaling leading to down-regulation of the pro-infl ammatory response.
In conclusion, high concentrations of live C. albicans yeast cells are able to modify the macrophage response. At low concentrations, as during the commensal state, C. albicans can stimulate the pro-infl ammatory response through shedding of cell components such as PLM. Conversely, TNF-α production is inhibited when high yeast concentrations interact with macrophages. These fi ndings suggest a novel way that C. albicans may modify the immune response, modulating the Th1 protective immune response and favoring an antiinfl ammatory response that allows infection to proceed.
